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Improved Switching Regulator for Implantable Spinal Cord Stimulation 

[0001] The present application claims the benefit of U.S. Provisional 
Application Serial No. 60/240,147, filed October 13, 2000, which application is 
incorporated herein by reference. 

Background of the Invention 

[0002] The present invention relates to implantable medical devices, and 
more particularly to a voltage converter, for use within an implantable Spinal 
Cord Stimulation (SCS) system, or similar implantable device, that uses a 
switching regulator to provide a voltage step-up function. 
[0003] Many implantable medical devices, such as neural stimulators, 
sensors, and the like, utilize a battery as a primary source of operating power. 
Other types of implantable devices, such as known cochlear stimulators, rely on 
transcutaneous inductive power transmission from an external device to the 
implantable device, where an induced voltage is thereafter rectified and filtered in 
order to provide the primary operating power for the implantable device. In both 
types of devices, a battery-powered device or an RF-powered device, there is a 
frequent need to derive other operating voltages within the device from the 
primary power source. That is, there is a frequent need to step up the voltage of 
the primary power source to a higher voltage in order to, e.g., generate a high 
stimulation current. 

[0004] In order to perform the voltage step-up or step-down function, it is 
known in the art to use a charge-pump voltage converter circuit. Charge pump 
circuits typically rely on a network of capacitors and switches in order to step up 
and step down a primary power source. For example, in order to step up a 
primary voltage source, a network of capacitors, e.g., four capacitors, may be 
connected in parallel through a switching network, and kept in the parallel 
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connection until each capacitor is charged to the voltage level of the primary 
power source. In systems where a battery is used as the primary power source, 
the battery voltage is the voltage of the primary power source. Once thus 
charged, the capacitors are switched so that they are connected in series, 
thereby effectively creating a voltage across the series connection that is an 
integer multiple of (in this example, four times) the voltage of the primary power 
source. The charge associated with this higher voltage may then be transferred 
to another capacitor, e.g., a holding capacitor, and this process (of charging 
parallel-connected capacitors, switching them in series, and then transferring the 
charge from the series connection to a holding capacitor) is repeated as many 
times as is necessary in order to pump up the charge on the holding capacitor to 
a target voltage that is higher than the voltage of the primary power source. 
[0005] While charge-pump circuits have proven effective for performing 
step up and step down functions, such circuits require a large number of 
capacitors to provide fine resolution of voltage. Charge pump circuits with 
course voltage resolution (i.e., a small number of capacitors) result in inefficient 
power use because the current resulting from the excess voltage is dissipated. 
Charge pump circuits with fine resolution require large numbers of capacitors, 
and are therefore not well suited for small implantable medical devices. 
Moreover, charge pump circuits tend to be relatively slow (i.e., are limited in peak 
current) and inefficient in operation. 

[0006] Switching regulators have been used to overcome some of the 
limitations of charge-pump circuits. Known switching regulators utilize a closed 
loop voltage control. Such closed loop voltage control includes a resistor divider 
to sample either the voltage output of the switching regulator, or the voltage of an 
energy storage device being charged by the switching regulator, e.g., a holding 
capacitor. The voltage of the node between the resistors is compared to a 
reference voltage and the difference between the reference voltage and the 
node voltage is used by control logic to turn the switching regulator on or off, and 
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thereby control the output voltage. Unfortunately, the use of resistors in such a 
circuit consumes energy continuously. Further, known switching regulators use 
a single duty cycle, and the duty cycle of a switching regulator that is best for low 
voltages may not be the best duty cycle for high voltages. 
[0007] What is needed, therefore, is a voltage converter circuit that is able 
to perform the step up function, efficiently, quickly, and without having to rely on 
the use of a large number of capacitors, and which operates more efficiently than 
known switching regulators. 

Summary of the Invention 

[0008] The present invention addresses the above and other needs by 
providing a switching regulator, for use within implantable devices such as a 
Spinal Cord Stimulation (SCS) system, including a control circuit with a capacitor 
divider, and selectable duty cycles to efficiently match the duty cycle to the 
charge level in a holding capacitor. The switching regulator charges a holding 
capacitor to commanded voltage levels, and the holding capacitor provides 
current for tissue stimulation. Commanded voltages, generally higher than the 
source voltage level (typically a battery voltage), are achieved by "pumping-up" 
the holding capacitor with the output of the switching regulator. The holding 
capacitor is connected, through a diode, to the output of a step-up switching 
regulator inductor (hereafter "switching inductor") which is the heart of the 
switching regulator. Each time the power to the switching inductor is cycled on 
and off, the inertia of the current flowing through the switching inductor forces 
current to flow into the holding capacitor and pushes the charge (and therefore 
voltage level) in the holding capacitor higher. The diode prevents a reverse 
current flow out of the holding capacitor. 

[0009] For control purposes, the voltage across the holding capacitor 
(referred to hereafter as "high voltage") is sampled by a capacitor divider. The 
high voltage is divided between a fixed capacitor and a variable capacitor, and 
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the voltage between the fixed capacitor and the variable capacitor (i.e., the 
"divided voltage") is compared to a reference voltage. The commanded voltage 
of the holding capacitor is achieved by adjusting the variable capacitor. The 
result of the comparison is used to turn off the switching regulator once the 
commanded output voltage level is reached. 

[0010] In accordance with one aspect of the invention, there is provided a 
control circuit with a capacitor divider comprising a fixed capacitor and a variable 
capacitor. The capacitor divider performs the same function that a resistor 
divider performs in known systems, but without the energy consumption of the 
resistors. The capacitance of the variable capacitor is adjusted so that when the 
voltage across the holding capacitor reaches the commanded level for 
generation of a stimulation pulse, the voltage level between the fixed and 
variable capacitors (i.e., the divided voltage) will be equal to a fixed reference 
voltage. 

[001 1 ] It is a feature of the present invention to provide an on/off control to 
the switching regulator based on the result of comparing the divided voltage level 
of the capacitor divider to a reference voltage. Once the divided voltage exceeds 
the reference voltage, the switching regulator is turned off. 
[0012] In accordance with another aspect of the invention, the switching 
regulator may operate in one of two duty cycles. When the switching regulator is 
turned on, or if the voltage of the holding capacitor drops below a threshold, a 
low duty cycle is selected. When the voltage of the holding capacitor exceeds the 
threshold, a higher duty cycle is selected. By matching the duty cycle to the 
voltage of the holding capacitor, saturation of the inductor core is avoided, thus 
providing efficient operation of the switching regulator. 
[001 3] It is a further feature of the invention to periodically zero the fixed 
and the variable capacitors. By periodically discharging the fixed and the variable 
capacitors to ground, an accumulation of biases that might degrade performance 
is prevented. 
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Brief Description of the Drawings 

[001 4] The above and other aspects, features and advantages of the 
present invention will be more apparent from the following more particular 
description thereof, presented in conjunction with the following drawings wherein: 
[0015] FIG. 1 depicts a typical implantation of a Spinal Cord Stimulation 
(SCS) system in a patient; 

[0016] FIG. 2 shows a high level functional block diagram of a switching 
regulator and control system; 

[0017] FIG. 3 shows a circuit diagram of a preferred embodiment of the 
switching regulator and control circuit of the present invention; and 
[0018] FIG. 4 shows parallel plots of a first switch M1 , the current flowing 
through a switched inductor L, the voltage level in a holding capacitor Vh, and a 
fifth switch M5. 

[0019] Corresponding reference characters indicate corresponding 
components throughout the several views of the drawings. 

Detailed Description of the Invention 

[0020] The following description is of the best mode presently 
contemplated for carrying out the invention. This description is not to be taken in 
a limiting sense, but is made merely for the purpose of describing the general 
principles of the invention. The scope of the invention should be determined with 
reference to the claims. 

[0021] The improved switching regulator of the present invention efficiently 
provides an implantable device with a multiplicty of voltage levels for tissue 
stimulation or other uses. A representative implantable Spinal Cord Stimulation 
(SCS) system 10 that would benefit from the present invention is shown in 
FIG. 1. The SCS system 10 comprises an Implantable Pulse Generator (IPG) 12 
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electrically connected by an electrode lead extension 16 to a proximal end of an 
electrode lead 14. An electrode array 15, residing on a distal end of the electrode 
lead 14, is implanted along spinal cord 17 of a patient. The IPG 12 provides 
stimulation current that is conducted by the electrode lead extension 16 and 
electrode lead 14 to the electrode array 15. The electrode array 15 provides the 
stimulation current to the spinal cord 17 to mask sensations of pain felt by the 
patient, or for other purposes. Such an SCS system 10 is one of many 
applications of the present invention. Any application requiring efficient voltage 
conversion could benefit from the invention, and is within the scope of the 
present invention. 

[0022] A high level functional block diagram of a switching regulator 
utilizing the present invention is shown in FIG. 2 residing with the IPG 12. A 
battery 18 provides primary power to a switching regulator 19. The switching 
regulator 19 generates current that charges an energy storage device 21 . 
Control logic 20 monitors a voltage level associated with the energy storage 
device 21 , and when the voltage level reaches a commanded or pre-determined 
voltage, the control logic 20 turns off the switching regulator 1 9. The control 
logic 20 also controls a duty cycle for the switching regulator. 
[0023] A detailed circuit diagram for a preferred embodiment of the 
present invention is shown in FIG. 3. The battery 18 provides primary operating 
power (voltage and current) to an inductor input node 26 of a step-up switching 
regulator inductor (hereafter the "switching inductor") L. An inductor output 
node 28 is connected to a node Vout. A first switch M1 is connected between 
the node Vout and ground, and the switch M1 is controlled by a first control 
signal from the control logic 20. The cathode side of a diode D is also connected 
to the node Vout, and the anode side of the diode D is connected to a node Vh. 
A holding capacitor C1 is connected between the node Vh and ground. The 
control logic 20 controls the switch M1 using a very high frequency (preferably 
500 KHz or more) close/open signal. When the switch M1 is closed, current 
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flows from the battery 18 through the switching inductor L and through the switch 
M1 to ground. A magnetic field develops in the switching inductor L due to the 
current flowing through the switching inductor L When the control logic 20 
opens the switch M1 , the magnetic field around the switching inductor L resists a 
change in the current flow, and briefly forces the current flow to continue. The 
only path for the current flow is through the diode D and into the holding 
capacitor C1 . During this time (when the switch M1 is open, but current is still 
flowing through the switching inductor L) the voltage at the node Vout and at the 
node Vh may rise above the battery voltage to the level required for the current 
to flow into the holding capacitor C1 . On each cycle of the first switch M1 , the 
voltage across the holding capacitor C1 rises, thereby providing a voltage step- 
up. Thus, by controlling the switch M1 , the control logic 20 may control both the 
frequency and the duty cycle of the switching regulator, thereby providing a 
modulated current surge through the diode D to the holding capacitor C1 , 
wherein the charge in the holding capacitor C1 is increased each time the first 
switch M1 is opened 

[0024] Continuing with FIG. 3, a second switch M2 controlled by a second 
control signal, a node 32 residing on a first lead, fixed capacitor C2 , a node 
Vcd, and a variable capacitor C3 are electrically connected in series between the 
node Vh and ground. The combination of the fixed capacitor C2 and the variable 
capacitor C3 comprises a capacitor divider. A third switch M3 controlled by a 
third control signal is connected between ground and the node 32. A fourth 
switch M4 controlled by a fourth control signal is connected between the node 
Vcd and ground. The switch M2, the switch M3, and the switch M4, are all 
controlled by control logic 20. 

[0025] The capacitor divider develops a divided voltage at the node Vcd. 
The node Vcd is connected to a first input of a comparator 22, and a fixed 
reference voltage Vref is connected to a second input of the comparator 22. The 
capacitance of the variable capacitor C3 is set so that the divided voltage at 
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node Vcd will be equal to the reference voltage Vref when the voltage at the 
node Vh is the voltage required to provide the desired stimulation current. 
[0026] The comparator 22 processes the first input from the node Vcd and 
the second input from the reference voltage Vref, and generates an error signal 
representative of the difference between the reference voltage Vref and the 
divided voltage at the node Vcd (which divided voltage varies proportionally with 
the voltage at the node Vh). The error signal is sent to the control logic 20. 
When the control logic 20 receives an error signal from the comparator 22 
indicating that the divided voltage is greater than the reference voltage Vref, the 
control logic 20 switched to an OFF mode, thus turning the switching regulator 
off. 

[0027] Those skilled in the art will recognize that some of the control 
functions may be reallocated between circuit elements. For example, the 
comparator 22 may output an on/off signal to the control logic 20 instead of an 
error signal. The mere reallocation of such functions is intended to come within 
the scope of the present invention. 

[0028] The switch M3 and the switch M4 are provided to short the fixed 
capacitor C2 and the variable capacitor C3 to ground to periodically discharge 
the capacitor C2 and the capacitor C3 (preferably at a 100 msec rate) to prevent 
the build up of bias voltages. Switch M2 disconnects the node Vh from the fixed 
capacitor C2 when the switch M3 or the switch M4 are closed, so that the holding 
capacitor C1 is not discharged. 

[0029] Thus, with reference to FIG. 3, it is seen that the control logic 20 
monitors the voltage at node Vh (by monitoring the voltage at node Vcd, as 
described above) to control the charge level of the holding capacitor C1 . The 
control logic 20 also may control the duty cycle of the switching regulator L by 
controlling the percentage of the period that the switch M1 is closed. The duty 
cycle may be selected from two or more selectable duty cycles. When the 
switching regulator is turned on, or when the voltage at the node Vh (preferably 
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measured by comparing the divided voltage at node Vcd to a low duty cycle 
threshold) drops below a threshold (preferably twice the battery voltage) a low 
selectable duty cycle (preferably 20% or lower) is selected. Otherwise, a high 
selectable duty cycle (preferably 50% or higher) is selected. Preferably, the duty 
cycle is adjusted by varying the period of the switching regulator (thereby varying 
the frequency of the switching regulator), wherein the length of time that the 
switch M1 is open is varied, but the length of time that the switch M1 is closed is 
not changed. Those skilled in the art will recognize that several duty cycles, or a 
continuously variable duty cycle may be adapted in place of two selectable duty 
cycles described herein, and are intended to come within the scope of the 
present invention. 

[0030] A switch M5 shown in FIG. 3 is connected between the node Vh 
and the electrode lead extension 16, The switch M5 is controlled by stimulation 
control circuitry 24. When the switch M5 is closed, the holding capacitor C1 
discharges through the electrode array 15 of FIG.1 , and provides electrical 
stimulation to the spinal cord 17. 

[0031 ] Those skilled in the art will recognize that many variations of the 
circuit shown in FIG. 3 are available for the control of a switching regulator. The 
heart of the present invention is the use of a capacitor divider and/or multiple 
duty cycles to efficiently step-up voltage. Other embodiments of a switching 
regulator circuit, which also use a capacitor divider or multiple duty cycles, are 
therefore within the scope of the present invention. 

[0032] Parallel plots of the position of the first switch M1 , the current l L 
flowing through the switching inductor L, the voltage level at the node Vh, and 
the position of the fifth switch M5, are provided in FIG. 4. The switching 
regulator is turned on at t 0 . The switch M1 is switched from open to closed at t 0 , 
and remains closed for twenty percent of the period of the switching regulator 
(i.e., a twenty percent duty cycle). When the switch M1 closes at t 0 , current l L 
begins to flow through the switching inductor L. At t^ the switch M1 is opened, 
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and the current l L begins to drop. The inductor L resists an immediate drop in 
current flow, and as a result some current flows through the diode D and into the 
holding capacitor C1 (FIG. 3), increasing the charge on the capacitor C1 and the 
voltage at the node Vh. At t 2 the cycle begins again with the switch M1 closing. 
[0033] The switching regulator continues to operate at a twenty percent 
duty cycle (a low duty cycle) until t 3 when the voltage at the node Vh is at least 
twice the battery voltage Vb. At t 3 , the switch M1 closes, and remains closed for 
the same length of time as the switch M1 was previously closed. At t 4 the switch 
M1 opens and current flows into the capacitor C1 , further increasing the voltage 
at the node Vh. However, after t 3 , the total period of the switching regulator is 
reduced (with an associated increase in frequency) so that the length of time the 
switch M1 is open (the time from t 4 to t 5 ) is now the same as the length of time 
the switch M1 is closed (the time from t 3 to t 4 ) resulting in a fifty percent duty 
cycle. At t 5 another fifty percent duty cycle (a high duty cycle), begins. The high 
duty cycles continue until the voltage at the node Vh reaches the target voltage 
Vt. At tg, the voltage at the node Vh reaches Vt, and the switching regulator is 
turned off. At t 7 the fifth switch M5 closes, and the holding capacitor C1 is 
discharged through the electrode lead extension 16 to the electrode array 15 
(FIG. 1). At t 8 the process of charging the holding capacitor C1 is again initiated 
and carried out as described above. 

[0034] While the invention herein disclosed has been described by means 
of specific embodiments and applications thereof, numerous modifications and 
variations could be made thereto by those skilled in the art without departing 
from the scope of the invention set forth in the claims. 
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